Competition effects of four of the predominant grass weed species in Ethiopia (Avena abyssinica Hoechst, Lolium temulentum L., Snowdenia polystachya Fresen (Pilg), and Phalaris paradoxa L.) on the grain yield, yield components and morphological characters of bread wheat (Triticum aestivum L.) were studied in Western Shewa Zone of Ethiopia. The four grass species varied significantly in their effects on wheat tillering, leaf area index (LAI), number of fertile spikes m^-2, grains per spike, spike length, thousand grain weight, straw, biomass and grain yield, harvest index and plant height. Avena abyssinica and S. polystachya were the most competitive, reducing wheat yield components and morphological characters to a greater extent than L. temulentum and P. paradoxa. Grass species by seedling density interaction effects were significant for most of the crop and weed characters measured, indicating a differential rate response for individual species. The reduction in wheat grain yield at the maximum weed density of 320 seedlings m^-2 ranged from 48 to 86% across the four grass species studied. The wheat yield components most affected by weed competition were number of fertile spikes m^-2 and number of seeds spike-1. Weed morphological characters (i.e., number of tillers, LAI, number of panicles, and plant height) varied markedly among species and in direct proportion with weed seedling density. Plant height and LAI appeared to be the factors most closely associated with weed competitive ability with bread wheat. Competitive yield losses were fitted to a rectangular hyperbola model to facilitate the prediction of wheat grain yield loss, and to derive economic thresholds for herbicidal intervention in relation to weed seedling density.
INTRODUCTION
Grass weeds are problematic in the wheat growing regions of Ethiopia for several reasons (Tanner and Giref, 1991) . Seeds of many grass species, such as wild oat (Avena spp.), are difficult to separate from wheat seed. Removal of grass weeds by hand weeding in a broadcast wheat crop is practically impossible during early growth stages (i.e., when yield losses occur) due to the similar morphology between grass weeds and wheat. Thus, farmers in Ethiopia tend to delay hand weeding until the weeds are visually distinct from crop plants, exposing the crop to weed competition for an extended period. Chemical weed control, on the other hand, necessitates the use of relatively expensive herbicides which farmers may not be able to afford; often, grass herbicides are not readily available in Ethiopia.
As regards annual grass weeds in Ethiopia, surveys have shown that Snowdenia polystachya, Phalaris paradoxa, Lolium temulentum, Avena abyssinica, A. fatua, Bromus pectinatus and Setaria pumila comprise the major problematic species in wheat growing regions (Birhanu, 1985; Rezene, 1985; SPL, 1980; Tanner and Giref, 1991) . The first four species are considered in this review.
In the UK, A. fatua competition decreased the number of fertile tillers per plant and grains per ear of barley, and reduced individual grain size (Wilson and Peters, 1982) . Viola arvensis depressed the grain yield of spring wheat mainly by reducing stand density, number of grains per ear, and thousand grain weight (Holzmann and Niemann, 1986) . Abdul Majid and Sandhu (1984) reported that wheat under competition from Fumaria parviflora exhibited significantly decreased numbers of productive tillers, plant height, grains per spike and thousand grain weight.
Control measures are necessary to prevent weed infestations from reaching levels at which economic loss is incurred. Thus, the decision to apply a specific weed control measure should be based on an accurate estimation of the potential crop loss as a result of weed competition; this must be weighed against the cost of weed control (Auld et al., 1987) .
To determine the threshold weed density at which a given weed control operation is economically feasible, basic knowledge is required of the degree to which a given weed infestation is likely to reduce yield if left uncontrolled. Models of weed-crop competition are an essential component of any economic analysis. Wheat yield loss experiments, involving weed density as a variable, have been extensively reported in the literature (Dew, 1972; Taye et al., 1996a Taye et al., , 1996b , and the various models used have been reviewed by Zimdahl (1980) and Cousens (1985) .
The experiment described in this review was conducted to determine the competitive effects of varying densities of four of the major annual grass weed species in Ethiopia on bread wheat yield and yield components, and to determine economic threshold weed densities.
MATERIALS AND METHODS
Field experiments were conducted at the Plant Protection Research Center (PPRC) of the Institute of Agricultural Research of Ethiopia during the three cropping seasons of 1992-1994. The PPRC is located at an altitude of 2225 m a.s.l. and is 125 km west of Addis Ababa (8 degrees 57' N lat. and 37 degrees 52' E long.). The PPRC soil is an unclassified Vertisol. Mean annual maximum and minimum temperatures are 26.0 and 11.5 C, respectively. Mean annual rainfall is 1160 mm (measured over ten years).
Experimental design and methodology have been described in detail in Taye et al. (1996a; 1996b) . The experimental design used was a split-plot arrangement of an RCBD with three replications. Main plots consisted of the four grass weed species, Avena abyssinica [Aa], Lolium temulentum [Lt] , Snowdenia polystachya [Sp] and Phalaris paradoxa [Pp] . Eight subplots consisted of weed seedling densities (0, 5, 10, 20, 40, 80, 160 and 320 seedlings m^-2).
Germination tests were conducted for each grass weed seed sample to determine the amount of seed required to obtain the specified seedling densities in the field. Additionally, the emergence rates of the four weed species were determined relative to the bread wheat cultivar used. Maintenance of treatments consisted of continuous hand weeding of non-target weed species and the surplus seedlings of target weeds before they reached a height of 5 cm or the two leaf stage.
Subplots comprised 7 rows of wheat spaced at 20 cm and extending 1.6 m in length. Urea and diammonium phosphate fertilizers were broadcast at total nutrient rates of 60 kg N and 26 kg P ha^-1 and were manually incorporated into the soil prior to seeding. The bread wheat cv. K6295-4A was used as the test crop at a seed rate of 120 kg ha^-1, equivalent to 380 seeds m^-2. Wheat was sown into rows marked by hand. A net plot, consisting of three central rows of 1.0 m length (0.6 x 1.0 m = 0.6 m^2), was marked with pegs in each subplot; this area was used for measuring yield and yield components.
Analysis of variance was conducted for each measured parameter within and across seasons. Interaction means and main effect means were compared by the LSD test at the P=0.05 level.
Wheat yield (Y) data (kg ha^-1) was fitted to a rectangular hyperbola model as proposed by Cousens (1985) as follows:
where ywf = yield (kg ha^-1) in the absence of weeds, A = percentage yield loss as weed density approaches infinity, I = percentage yield loss per unit of weed density as the density approaches zero, and d = weed density in number m^-2.
The hyperbolic equation, expressing grain yield loss (YL) in kg ha^-1 is:
A" and "I" are both likely to vary in response to changes in crop density, relative time of emergence of weed and crop, soil fertility and physical characteristics, and climatic parameters.
Economic analysis. Subsequent to generating grain yield loss response functions, the economic feasibility of herbicidal grass weed control was studied in order to determine threshold levels of three of the grass weeds under varying price assumptions. A high efficacy herbicide, fenoxaprop-P-ethyl (product trade name Puma S^R marketed by the Hoechst company) applied at 70 g a.i. ha^-1 (=1 l product ha^-1), was selected for the determination of threshold weed levels on the basis of its superior efficacy in prior on-farm screening carried out in Ethiopia (Amanuel et al., 1992) ; pre-emergence application of fenoxaprop-P-ethyl has provided an average of 94, 81 and 99% control of the target grass weeds Aa, Pp and Sp, respectively (Rezene et al., 1990; Amanuel et al., 1992) .
Current prices associated with herbicide purchase and application and grain marketing were obtained from government extension agents and from market surveys (Taye and Tanner, 1997) . The cash cost of herbicidal weed control was estimated at 348 Ethiopian Birr ha^-1 (=330 EB l^-1 of Puma S^R plus 18 EB ha^-1 for custom spray application by backpack sprayer). Two cost levels were assumed in this analysis: the break-even cost (473.28 EB ha^-1) which includes a six month capital cost of 36% and a more conservative cost level (696 EB ha^-1) which includes a 100% minimum acceptable rate of return (MARR) on the farmer's investment in herbicidal weed control (CIMMYT, 1988) . The mean wheat grain price of 1.15 EB kg^-1 was varied by +0.2 EB kg^-1 to evaluate the sensitivity of threshold levels. Mean grain prices were reduced by harvesting costs of 0.12 EB kg^-1 to derive net field prices (i.e., the approximate exchange rate during early 1997 was 6.6 EB = 1 US$).
Economic threshold weed densities (associated with herbicidal control by fenoxaprop-P-ethyl) for the individual weed-crop combinations were determined based on the methodology of Auld et al. (1987) . For each weed-crop competitive interaction using the Cousens (1985) model, the value of crop grain yield recovered (VR) per ha by herbicidal weed control was calculated as follows: 
RESULTS AND DISCUSSION
The results of the combined ANOVA for wheat crop parameters are presented in Table 1 . In general, year effects and interactions between years, species and/or density effects were significant; such effects arose from slight relative differences in the magnitude of responses over seasons and not from shifts in treatment rankings (i.e., there were no crossovers). Thus, treatment main and interaction effects (i.e., fixed factors) exhibited high levels of significance based on the appropriate error terms (i.e., the respective interactions with year: a random factor).
The four grass species differed significantly (Table 1) in their effects upon all measured crop parameters with the exception of plant height (P < .1); similarly, the species by density interaction effects were significant for all crop parameters except height. Aa and Sp depressed all wheat crop parameters to a greater extent than Lt and Pp; further, the rate of decline with increasing weed seedling density was greatest for Aa and Sp for each crop parameter.
Effects on wheat yield components. The number of fertile wheat spikes m^-2 and the mean number of tillers per wheat plant decreased markedly as weed seedling density increased (data not shown). At a given weed density, the density of wheat spikes varied across weed species, suggesting a difference in the competitive abilities of the weed species. As illustrated in Fig. 1 , the maximum reduction in wheat spike density (i.e., at 320 weed seedlings m^-2) followed the sequence of Sp (-59%) > Aa (-53%) > Lt (-42%) > Pp (-25%). Similar to the current results, Wilson and Peters (1982) indicated that A. fatua competition significantly reduced wheat tillering and fertile spike production.
The effects of competition on the number of seeds per spike (SPS) and thousand kernel weight (TKW) also varied among the four weed species. The reductions in these two yield components due to Aa and Sp were similar and greater than the effect of Lt which, in turn, exceeded the effect of Pp (Fig. 1) . Regarding SPS, the reductions at maximum weed density were 61, 60, 24 and 21% for Aa, Sp, Lt and Pp, respectively; the corresponding reductions in TKW were 20, 20, 15 and 11%.
The effects of grass species and densities on wheat yield components were similar to the overall effects on grain yield, although each yield component was affected to a lesser extent than the resultant grain yield (Taye, 1995) . The results suggest that the reduction in grain yield was primarily due to a decrease in productive spikes m^-2 and grains spike^-1, whereas TKW was much less affected (Fig. 1) . In the literature, various reports on weed competition in wheat attributed yield reduction to decreases in spike numbers (Bell and Nalewaja, 1968; Cudney et al., 1989; Liebl and Worsham, 1984) , spike length (Burrows and Olson, 1955) , TKW (Bell and Nalewaja, 1968; Abdul Majid and Sandhu, 1984; Wilson and Peters, 1982) , and the number of grains per spike (Wilson and Peters, 1982; Abdul Majid and Sandhu, 1984; Holzmann and Niemann, 1986 ).
Wheat biomass, straw yield and harvest index were also significantly reduced by the competitive effects of the four grass species and by increasing weed density (Table 1) . Researchers elsewhere reported decreased biomass and straw yield, harvest index and plant height of wheat as weed density increased (Wilson and Peters, 1982; Cudney et al., 1989; ). In the current study, Sp (-78%) and Aa (-78%) reduced biomass yield > Lt (-56%) > Pp (-40%) at the maximum weed seedling density. For HI, the corresponding reductions were 38, 37, 13 and 12%, again demonstrating the greater competitive ability of Aa and Sp.
Plant height. Plant height differed significantly among the four weed species (Table 2 ) and was probably a major factor in determining competitiveness. The height of wheat cv. K6295-4A was 102 cm under weed-free conditions in this study. By comparison, the maximum heights of the four grasses, exhibited under the lowest weed density of 5 seedlings m^-2, were 123 cm for Aa, 107 for Lt, 143 for Sp, and 105 for Pp; thus, the 2 most competitive grass weeds, Aa and Sp, were the tallest. At the maximum weed density of 320 seedlings m^-2, the four species exhibited reduced heights due to increased inter-plant competition: heights were 106 cm (-14%) for Aa, 100 (-7%) for Lt, 124 (-13%) for Sp and 92 (-12%) for Pp. Surprisingly, plant height was the sole wheat crop parameter not exhibiting a significant weed species by density interaction (Table 1) ; crop heights at 320 weed seedlings m^-2 were 93 cm (-8%) for Aa, 94 (-8%) for Lt, 93 (-9%) for Sp, and 97 (-5%) for Pp. Thus, crop height did not reflect weed competition to the same extent as the wheat yield components previously discussed.
Leaf area index. Differences in LAI [(cm^2 leaf)/(cm^2 ground surface)] were observed among the four grass species and in response to the density of weeds sown per unit area ( Table 2 ). The variation among the four weed species in reducing wheat LAI probably reflects differences in seedling growth rates, the inherent vigour of the weeds, and relative competitive abilities at early growth stages.
The greatest weed LAI was consistently produced by Sp and the lowest by Lt (Fig. 2) ; no significant difference was observed between Lt and Pp at any seedling density. By contrast, the number of spikes m^-2 produced by Sp was significantly lower than Pp. In principle, a greater number of tillers m^-2 is expected to increase leaf area index. However, Sp, due to its broader and longer leaves, had a much greater individual leaf area which contributed to the difference in LAI. Similarly, Aa had wider and longer leaves in comparison to Lt and Pp.
LAI is an important measure of potential photosynthetic area and, thus, of capacity for growth. The greater LAI of Sp and Aa, coupled with their taller stature, must have contributed to their greater competitive ability compared to Lt and Pp. Moreover, the leaf canopies of Sp and Aa appeared to be more effectively distributed for light interception than those of Lt and Pp. In their study of the competitive interactions of wheat and wild oat (A. fatua), Cudney et al. (1989) reported a linear decrease in wheat LAI and a corresponding increase in wild oat LAI associated with an increase in wild oat density.
Grain yield of wheat. Competition effects on wheat grain yield varied with grass species and density and due to interaction among these two factors (Table 1 ). The lowest mean wheat yields were obtained under competition from Sp and Aa (Table 3) . The lesser yield reduction by Pp could be due to its slow seedling growth rate (i.e., stem elongation of wheat occurred during the tillering stage of Pp). This probably favoured the associated wheat, giving it a competitive advantage over Pp. In addition, the lower LAI and shorter stature of Pp compared to the other three grasses contributed to its weak competitive ability. The greater seedling growth rates, LAI, plant vigour and statures of Sp and Aa, on the other hand, contributed to the significantly lower wheat yields obtained under competitive conditions. Lt exhibited rapid seedling growth like Sp and Aa, but exhibited lower LAI and plant height, reducing its competitive ability with wheat. Zimdahl (1980) noted that the success of the most vigorous weed competitors was attributable to early and uniform germination ability, and the development of a large leaf assimilation surface during early seedling stages. also reported differences in competitive ability among weed species, while Wilson (1986) reported that wheat yield responses were affected more by weed species than by weed density.
In this study, the effects of weed densities on wheat grain yield were consistent and highly significant across the three years. Grain yield decreased from 3223 kg ha^-1 for the weed-free check to 951 kg ha^-1 at the highest weed density (Table 3 ).
The highly significant weed species by density interaction indicated a difference in competitive ability among the four grasses at different density levels. As shown in Table 3 , 10 seedlings m^-2 of Sp resulted in a yield reduction equivalent to 10 Aa, 20 Lt or 40 Pp seedlings m^-2. At the highest weed density, Sp, Aa, Lt and Pp reduced wheat grain yield by 86, 85, 62 and 48%, respectively (Table 3) . Tanner et al. (1995) reported that the grain yield of wheat in Ethiopia was linearly proportional to the seedling density of A. fatua; yield reductions at 90 weed seedlings m^-2 ranged from 26 to 63% across four bread wheat cultivars. In the USA, 84 A. fatua seedlings m^-2 reduced wheat yields by 22% (Bell and Nalewaja, 1968) .
The grain yields reported in this paper included total wheat yield; maximum effort was made to reduce losses of small grains which would have been lost during mechanical harvesting or seed cleaning. TKW showed a significant decrease as the density of each grass weed species increased. Thus, actual yield losses from weed competition under field conditions would likely have exceeded those reported here. In some cases, small seed size reduces the market value of grain; thus, an additional financial loss due to weed competition could be incurred by farmers.
Prediction of yield loss. Regression equations for the four grass weed species competing with wheat cv. K6295-4A were derived using the rectangular hyperbola model proposed by Cousens (1985) . A sample program (with a dummy data set) written in GENSTAT to derive the parameters of the rectangular hyperbola is shown in Table 4 . The rectangular hyperbola model resulted in a superior fit of the yield loss data and more accurate estimated economic threshold weed densities as compared to the square root model of Dew (1972) (Taye and Tanner, 1997) . This model provides two parameters of importance in agronomic interpretation: "A", the maximum percent yield lost by wheat under competition from a specific weed species in a given year; "I", the percentage yield loss per unit of density as weed density approaches zero. From the current study (Table 5) , the greater competitive ability of Aa and Sp with wheat is manifested in both a higher maximum yield loss (A) and a greater rate of yield loss per unit of weed density (I) than Lt; in turn, Lt is more competitive with wheat than is Pp. R2 values for the regression evaluations of the "goodness-of-fit" of the data to the rectangular hyperbola model ranged from 0.989 to 1.000 (Table 5) , indicating an excellent fit for all data sets. Figure 3 presents a graphical comparison of the "goodness-of-fit" of the rectangular hyperbola model for Aa in all three seasons. For the purpose of comparison, actual yield losses have been superimposed on the curve generated by the hyperbolic model for each species-season combination; in each case, the actual points fall almost exactly on the lines generated by the hyperbolic model. Cousens (1985) reported that estimation of the parameter "A" is extremely sensitive to the distribution of weed densities; for example, if weed densities are in a geometric series, the yield at the highest density may have an undue influence on the estimate of "A". The high values of "A" estimated for Aa and Sp in 1994 (Table 5 ) may have reflected the geometric series used for weed density in the current study. Thus, future research conducted to generate data to be fitted to the hyperbolic model should use a density series combining a geometric and an arithmetic series, where density increases geometrically at first, but then increases arithmetically.
Calculation of economic thresholds for weed control. The grain yield loss function developed in the previous section was subjected to sensitivity analyses to determine robust economic threshold levels for grass weed control recommendations, using the high efficacy herbicide fenoxaprop-P-ethyl (Table 6) . Lt was omitted from this analyses since we lacked an adequate estimate of efficacy of herbicidal control.
The value of the recovered grain yield (at the intermediate price level) predicted by the hyperbolic model as related to Aa and Pp seedling density in 1992 is displayed in Figure 4 . Economic threshold weed densities occur at the point of intersection of the curve with the horizontal (weed control cost) line.
Comparing the estimated and actual net returns to weed control for the Aa 1992 data set (Fig. 4a) at 20 Aa seedlings m^-2, the actual measured data exhibited a VR of 968 EB ha^-1 and an MRR of 278%. At the same density, the hyperbolic model over-estimated VR by 13.5%. At 10 s eedlings m^-2, the hyperbolic model under-estimated VR by only 0.6%. Figure  4a illustrates the relative closeness to the hyperbolic curve of the 1992 actual VR values for Aa control. Figure 4b illustrates that, for the less competitive weed species Pp, the economic threshold density was relatively high.
Under practical field conditions in Ethiopia, one rarely encounters a wheat crop infested by a single grass weed species; thus, there is a need to estimate grass control threshold levels in fields with multiple species. It is biologically sound to assume that at low to moderate total grass weed densities the competition of the weed plants for growth resources is similar to the situation in the sole infestations ; only at higher weed densities will there be significant competition among the weed species. Thus, to estimate the effect of Puma S^R application to a mixed infestation of grass weeds in a crop stand of the cultivar K6295-4A on the value recovered in grain yield, one would sum the independent values of recovered grain associated with the control of each species. At high weed densities, this assumption will not hold true, but an estimate of yield loss (and recovery with weed control) can be based upon the specific density of the most competitive single weed species.
